Image lag degrades image quality in cone-beam CT ͑CBCT͒, resulting in contrast reduction, lack of CT number accuracy and uniformity, and skin-line artifacts. The magnitude of such degradation and the extent to which imaging performance can be improved by means of a lag correction method were investigated. Measurements were performed using a radiotherapy CBCT guidance system ͑Elekta Synergy XVI, Elekta Oncology Systems, Atlanta, GA͒, for which the imaging system is based upon a RID1640-AL1 flat-panel imager ͑Perkin Elmer, Wiesbaden, Germany͒. Image lag and its relationship to various parameters including signal magnitude, photon energy, and frame number were investigated, and an empirical lag correction method was developed to manage lag artifacts. The correction method was simply the subtraction from the current frame by previous frames weighted by the temporal response function. The CatPhan 500 phantom ͑The Phantom Laboratory, Salem, NY͒ within an irregularly shaped body annulus was used to demonstrate the magnitude of artifacts with and without lag correction. CBCT images after correction demonstrated improvement in skin-line reconstruction, CT number accuracy, image uniformity, and contrast-to-noise ratio. Lag artifacts can be reduced by means of algorithmic correction of the projection images. Lag correction is most important for all shapes of objects having contrast inserts. For circular/cylindrical objects, lag correction does not improve the skin-line artifact but can improve low contrast visibility adjacent to high contrast objects.
I. INTRODUCTION
Cone-beam CT ͑CBCT͒ is an important, new imaging modality for image-guided-radiation therapy ͑IGRT͒, providing soft tissue visibility and spatial resolution sufficient for correction of patient setup errors and interfraction motion. CBCT systems for IGRT employ a flat-panel imager ͑FPI͒ mounted on the linear accelerator to image the patient using either the megavoltage ͑MV͒ treatment beam or a kilovoltage ͑kV͒ radiographic/fluoroscopic x-ray tube, typically oriented orthogonal to the treatment beam. FPIs are known to suffer from image lag effects arising from signal remaining from previous x-ray exposures. The main cause for this residual signal is the trapping of electrons in shallow and deep traps in a-Si: H semiconductor pixel components and the subsequent release of trapped charge.
1, 2 The presence of image lag as low as ϳ2 % -3% could cause appreciable image artifacts for kV CBCT imaging, 1,3 potentially degrading image uniformity and the visibility of soft tissue structures. An important consideration, therefore, is the degree to which image lag affects detector performance and the quality of CBCT reconstructions. A variety of methods for measuring and modeling lag characteristics for flat-panel imagers and CT detectors have been reported. Such methods include impulse-response function ͑IRF͒, 1,4,5 falling-edge step-response function 6 ͑FSRF͒, and rising-edge step-response function 7 ͑RSRF͒, as well as steady-state response. Quantification of image lag and its effect on kV CBCT was studied by Siewerdsen and Jaffray, 4 illustrating the qualitative nature of image lag artifacts in FPI-CBCT ͑e.g., "comet" and "streak" artifacts͒, based quantitatively on IRF measurements and modeling of the image lag characteristics and processes of image formation in the FPI. Similarly, Hsieh 8 has demonstrated an optimized halfscan algorithm which improves the temporal response of the computed tomography fluoroscopy system and illustrated the impact of this algorithm on the suppression of temporal artifacts. A model to correct for image lag in indirect conversion FPIs used in MV cone-beam digital tomosynthesis was studied by Mail et al., 9 based on measurement of the IRF in an indirect conversion FPI. Because the release of trapped charge in the a-Si: H pixel components and other capacitive effects may be very different under conditions of a singleexposure ͑IRF͒ as compared to consecutive readout under continuous exposure, the IRF technique does not give an accurate characterization of lag under typical imaging conditions in CBCT. Similarly, lag quantification in FSRF is done using dark field images and found that the lag coefficients depended upon the number of flood images acquired prior to the falling edge; therefore, it was difficult to determine how many flood images were appropriate to accurate lag measurement. Since shallow trapping and release of electrons in the pixel components behave differently in the flood field images than the dark images, the more accurate condition in which to analyze the lag is in the flood fields. Yang et al. 7 used the RSRF method in estimating lag components of the CBCT modulation transfer function ͑MTF͒. We believe the RSRF is the most accurate and practical of the three edge methods, although even RSRF is not perfect. We applied the lag coefficients estimated from IRF, FSRF, and steady-state methods in the CBCT lag correction and found that the resulting image quality was not as good as for RSRF. In the present work, the rising-edge step-response characteristic was used for lag quantification in a convenient, practical manner that more closely reflects charge trapping and release under typical imaging conditions. The study of Yan et al. 7 discussed the lag estimation but did not apply lag correction. The main focus of this work is to examine the effect of accumulated residual signal ͑lag͒ on CBCT reconstructions and to develop a simple, fast, empirical lag correction method based on image lag measured from flood-field images. In the correction scheme reported, lag correction is limited to a temporal span of 100 frames, beyond which high-order lag coefficients ͑described in the following section II D͒ are less significant, and other effects ͑correlated noise, variation in x-ray tube output, and drift in detector response͒ limit the empirical approach. The impact of lag correction on CBCT image quality, including integrity of the skin-line, image uniformity, CT number accuracy and linearity, low-contrast detectability, and MTF is reported.
II. METHODS AND MATERIALS

II.A. Experimental setup for lag measurements
Image lag measurements were performed on an Elekta Oncology IGRT system shown in Fig. 1͑b͒ . The detector used was a RID1640-AL1 ͑PerkinElmer, Wiesbaden, Germany͒ indirect-detection FPI with a 1024ϫ 1024 array of 0.4ϫ 0.4 mm 2 pixels and a 0.055-mm-thick CsI:Tl x-ray converter. Each pixel consists of an a-Si: H photodiode coupled to an a-Si: H thin-film transistor, with an 80% geometric fill factor. The system geometry gives a source-toisocenter distance of 100 cm and source-to-detector distance 153.6 cm. The kV x-ray source consists of a radiographic/ fluoroscopic x-ray tube ͑Dunlee D604, Illinois͒ and highfrequency 40 kW generator ͑Sedecal SHF-435-DSI series, Madrid, Spain͒. The x-ray tube includes a rotating anode with 14°tungsten target, a 0.4 mm focal spot, and a maximum potential of 150 kVp. No filtration was added to reduce the beam hardening effect except that inherent with the x-ray source. Collimators were fixed to a field size of ͑425 ϫ 425 mm 2 ͒ corresponding to the field of view of the FPI ͑410ϫ 410 mm 2 ͒. The FPI operates asynchronously with the x-ray source through a host computer running the Heimann Imaging Software ͑Elekta, Stockholm, Sweden͒ to capture images at a frame rate of 5.5 frames/ s.
II.B. CBCT imaging system
CBCT images were acquired on the same experimental setup as discussed in Sec. II A, except the XVI image acquisition software ͑Elekta Oncology Systems, Stockholm, Sweden͒ was used instead of HIS. During each 360°rotation of the gantry, the system acquired approximately 650 projection images at a frame rate of 5.5 Hz. An offset scanning geometry was used, illustrated in Fig. 1͑b͒ , in which the FPI ͑and beam collimation͒ was shifted laterally 10 cm to allow scanning of a larger FOV ͑effectively 410ϫ 410ϫ 264 mm 3 in CBCT reconstructions͒. The Feldkamp algorithm 10 for 3D filtered backprojection algorithm was used for CBCT reconstruction, with a Hanning reconstruction filter. Images of the CatPhan-500 phantom ͑The Phantom Laboratory, Salem, NY͒ within a custom-built irregular body annulus ͓denoted Cat-Irreg and illustrated in Fig. 1͑a͔͒ , illustrated the magnitude of artifacts in CBCT images before and after lag correction.
II.C. Lag measurements
The a-Si: H photodiode and thin-film transistor comprising each FPI pixel are known to exhibit significant charge trapping effects and are believed to be the dominant source of image lag. Other sources include the CsI:Tl scintillator and detector readout electronics, each shown to be of secondary importance to charge trapping for the current system under the conditions investigated.
1,2,9 When the FPI operates in continuous acquisition mode ͑such as fluoroscopy or CBCT͒, some fraction of the signal generated in a given frame will be recorded in subsequent frames. The corre- sponding temporal response is degraded, with the qualitative appearance of, e.g., a "trail" behind moving objects.
The temporal response of the FPI was characterized in terms of the measured RSRF. The FPI was allowed to "warm up" for more than 3 h after powering "on" to stabilize potential dark current drift. Under continuous image acquisition at 5.5 Hz, 50 dark frames were acquired, followed by exposure to flood-field x rays for an additional 100 frames. The signal magnitude in flood-field exposures ranged 20%-80% of pixel saturation ͑0.16-0.56 mR at the detector surface͒. Studies were performed in which the kVp of the flood-field exposures was varied from 80 to 120 kVp. Each data set was acquired ten times with a 20 min time gap between each set. The resulting lag coefficient estimates ͑presented in the following͒ from each set were averaged to reduce statistical noise and provide an estimate of experimental error.
The image lag in the nth frame ͑denoted L n ͒ was defined as
where each term I i refers to the mean detector signal over a region of interest ͑ROI͒ of 45ϫ 45 pixels in the ith frame. The term I n is therefore the mean detector signal in the nth frame, and I n−1 is that in the preceding frame. The term B represents the mean dark signal background within the same ROI, estimated from the first 50 ͑dark͒ frames of the data set. Note that this definition differs from previous definitions pertaining to IRF measurements, where the nth-frame lag is defined relative to the "zeroth" frame ͑in which the x-ray impulse was delivered͒ rather than the ͑n −1͒th frame.
II.D. Lag correction to CBCT images
An empirical correction method based on the flood-field lag measurements was applied to reduce lag artifacts. Image lag ͑L n ͒ in the nth frame was approximated as a doubleexponential fit to the measurements:
where n is the frame number, P 1 and P 2 are fitting parameters corresponding to a temporal aperture, and C 0 , C 1 , and C 2 are fitting parameters, denoted "lag coefficients." Lag quantification from the flood-field images is more practical and accurate than lag in the dark images. The accuracy of these coefficients was well tested in correcting the projections ͑2D͒ images by using a fast moving high contrast object ͑such as lead aperture͒ in the x-ray field perpendicular to the beam direction. The detector signal in the nth frame was corrected by subtracting residual signal attributed to previous frames:
where n is the frame number ͑n =1,2,3, ...͒, and I nc is the lag-corrected detector signal in the nth frame. By using Eqs. ͑2͒ and ͑3͒, the lag correction for the nth frame can be written as
where the coefficients ͑C 0 , C 1 , C 2 ͒ and parameters ͑P 1 , P 2 ͒ were obtained from lag measurements. In the experiments to follow, the subtraction of previous projections was limited to n = 1 -100 frames, beyond which the lag coefficients were less significant and the measurements were degraded by noise. CBCT images of the phantom ͑Fig. 1͒ and patients undergoing IGRT of the prostate were analyzed quantitatively and qualitatively before and after lag correction, e.g., as difference images.
The approach for lag correction described in this manuscript is general to FPDs incorporating various pixel designs ͑e.g., TFT switching, double diode, etc.͒ as well as various scintillators ͑e.g., various manufacturers' CsI:T1, Gd 2 O 2 S : Tb, etc.͒, but each individual FPD should be characterized according to its particular lag characteristics. The resulting lag characterization can be incorporated with the method described in the following section II E. Note that with regard to projections 1,2, ... ,N of a CBCT scan, the algorithm only applies a correction ͑i.e., subtracts signal͒ in projections 2 -N. There is no correction to be applied in the first projection. Rather, the algorithm corrects subsequent projections ͑n ജ 2͒ by subtracting lag signal such that the signal due to trapping and release is removed. Therefore, the algorithm effectively corrects for both trapping ͑signal loss in the first projection͒ and trapping/release ͑i.e., lag͒ in all projections.
Lag correction is important for most circumstances. That is, if the projected location of any object relative to the previous projection causes a significant difference in intensity, it creates an accumulated lag signal. A CBCT scan of circular/ irregular shaped objects having contrast inserts needs lag correction. For example, a human has an irregular shape and includes high and low contrast objects like bone and soft tissues. It would be appropriate to correct CBCT images of any portion of the human anatomy.
II.E. CBCT image quality "phantom study…
CBCT image quality measurements were performed on Cat-Irreg phantom ͑Catphan 500 phantom inserted in an irregular annulus͒ shaped to reflect a humanoid torso. Images of the Cat-Irreg phantom for with and without bow-tie filter were acquired at tube voltage 120 kVp and current 40 mA and exposure time 40 and 25 ms, respectively. The bow-tie filter used for this work was built based on the objective of achieving uniform fluence through a cylindrical phantom of diameter 300 mm measured at 120 kVp. The manufacturing material was aluminum of size 85 mmϫ 135 mm. Since both the cases with and without bow-tie filter are being used in the clinic, the lag correction was made to images acquired for both cases. The uniformity, skin-line, low contrast detectability, and CT number accuracy and linearity of CBCT and helical CT images were quantitatively analyzed from images of the Cat-Irreg phantom. CT images of Cat-Irreg were acquired on a helical CT scanner ͑Discovery ST 16 slice, GE Healthcare, Milwaukee, WI͒ at 120 kVp and 300 mA s. The total number of reconstructed slices for CT and CBCT were 264 at a slice thickness of 1 mm and voxel size of 1 ϫ 1 ϫ 1 mm 3 .
II.E.1. Uniformity
Image lag results in inconsistency in the projection data due to the continuously changing projection ͑and, therefore, residual signal͒ associated with an irregular object ͑i.e., a noncylindrical object or an object situated off-isocenter͒ as the source and detector rotate through 360°. Such inconsistency in the projection data affects the reconstruction uniformity. The Cat-Irreg phantom contains a uniform, waterequivalent portion ͑CTP486͒ with CT number ͑HU͒ within 2% of that of water ͑i.e., between −10 HU and +10 HU͒ at standard scanning protocols. Five ROIs of size 10 ϫ 10 mm 2 were selected in CBCT images of the phantomone at the center and four at peripheral positions symmetrically around the center, each within the central axial plane. The spatial uniformity ͑SU͒ was defined as SU = VV͑max͒ − VV͑min͒ 1000 ϫ 100, ͑5͒
where VV͑max͒ and VV͑min͒ are the maximum and minimum mean voxel values, respectively, within each ROI.
II.E.2. Skin-line artifacts
In CBCT images, a reduction in CT number near the skin line can result from detector saturation near the object periphery. For irregularly shaped objects, the situation can be a bit more complicated. The projected location of the skin line relative to previous projections causes an accumulated lag signal in the flood-field signal that degrades the reconstruction. The reduction in CT number ͑denoted ⌬CT # ͒ was measured using three ROIs at skin depths 5, 10, and 20 mm. The size of each ROI was 4 ϫ 4 mm 2 ͑ϳ4 ϫ 4 voxels͒. The average reduction in CT # was calculated as
where HU CT and HU CBCT are the mean voxel values for a given ROI measured in helical CT and CBCT images, respectively.
II.E.3. CT number accuracy and linearity
During continuous source-detector rotation and image acquisition, high positive or negative contrast objects ͑e.g., bone or air cavities͒ can exhibit "blur" ͑a "tail"͒ in the direction opposite to gantry rotation. This is caused by accumulated lag from previous projections, which affects the signal through the high or low contrast inserts in the projection images. The resulting inconsistency in projection data can affect CT number accuracy and linearity in CBCT images. Using the seven cylindrical contrast objects with known electron densities within the Catphan phantom ͑the CTP 404 module͒, the accuracy and linearity of CT numbers in CBCT reconstructions were analyzed before and after lag correction. The mean HU value was measured for each contrast target using a circular ROI ͑ϳ100 voxels 2 ͒ within each contrast target. Voxel values in helical CT images of the phantom defined the true CT number.
11
II.E.4. Contrast-to-noise ratio
Image lag exhibits competing effects in terms of image contrast and noise, potentially degrading the former and improving the latter. Contrast-to-noise ratio ͑CNR͒ measurements were performed using the Cat-Irreg phantom ͑CTP 404 module͒, including polystyrene ͑PS, −100 HU͒ and lowdensity polyethylene ͑LDPE, −35 HU͒ inserts of 12 mm diameter. The circular ROIs ͑ROIϳ 100 voxels 2 ͒ within each insert were used to measure the mean and standard deviation ͑noise͒ in HU value. The CNR ͑signal difference divided by average noise͒ values was calculated 12 as
where HU͑LDPE͒ and HU͑PS͒ are the mean voxel values in LDPE and PS, respectively, and Noise͑LDPE͒ and Noise͑PS͒ are the standard deviation in voxel values in LDPE and PS, respectively.
II.E.5. Spatial resolution and modulation transfer function
In CBCT images, the effect of lag on MTF depends upon the relative angular velocity of the object, i.e., upon its distance from isocenter and the speed of the rotating gantry. For example, the MTF is more affected at the skin-line region than at the axis of rotation. MTF measurements were performed on the CTP528 module of the CatPhan phantom, which contains a high contrast resolution radial gauge ranging from 1 to 21 line pairs per centimeter. These high contrast objects form a 93-mm-diam circle around the center. A circular pattern of pixels ͑passing through the bar patterns͒ was taken to obtain the square-wave response function ͑SWRF͒. The amplitude response at various spatial frequencies was analyzed between 1 and 21 lp/ cm. The MTF of the system was determined by deconvolving the SWRF. 
II.F. Patient imaging
CBCT images of prostate patients were acquired on the Elekta Synergy XVI system for CBCT-guided radiation therapy. The experimental setup was similar to that discussed in Sec. II B. Images were acquired without a bow-tie filter at 120 kVp and tube current 80 mA and exposure time 20 ms ͑ϳ560 projections acquired across 360°͒. The CBCT images of ten patients with almost the same size and age from 55 to 65 years were corrected using the lag correction model. But only one CBCT image of the prostate patient was selected for this paper because of no difference in the images from one patient to another. CBCT reconstructions with and without lag correction were analyzed quantitatively ͑differ-ence images͒ and qualitatively ͑examination by a radiation oncologist͒. Of specific interest in these studies were the prostate contrast and the reduction in CT number ͑cupping artifact͒ from the skin line to the prostate. Figure 2 shows lag ͑L n ͒ for frame n = 1 -100, illustrating the decrease in L n as a function of frame number. Further, Fig. 2͑a͒ shows that the magnitude of image lag decreases rapidly during the first few frames and then slowly in subsequent frames. The rapid decay during the first one to four frames is attributed to the release of electrons in shallow trapping states of the a-Si photodiode and/or TFT. This release of trapped electrons depends on the number of frames and time after exposure. The slow lag decay is analogous to the phenomenon of a discharging capacitor and the release of electrons from deep trapping states. The dependence of image lag was also examined as a function of exposure to the FPI. The nth frame lag plotted as a function of detector saturation ͑dose͒ for a frame time of 180 ms is shown in Fig.  2͑b͒ . The nth frame lag does not increase with detector saturation in the range 20%-80%. Similarly, the nth frame lag plotted as a function of kVp demonstrates no dependence on photon energy in the range 80-120 kVp ͓Fig. 2͑c͔͒.
III. RESULTS AND DISCUSSION
III.A. Lag measurements
III.B. An empirical lag fit
In Fig. 2͑a͒ , the solid line represents a theoretical fit to the measured lag as a function of frame number ͓three lag coefficients ͑C 0 , C 1 , and C 2 ͒ and two temporal aperture parameters P 1 and P 2 , with values shown in the legend͔. These parameters were found to exhibit no dependence on photon energy in the range 80-120 kVp and pixel saturation of 20%-80%. The empirical fit shows good agreement with the measured lag data. It demonstrates high accuracy for generating lag coefficients because of very low error ͑Շ2%͒ associated with the fitting parameters.
III.C. Lag correction to CBCT images
Lag correction was performed on CBCT images of the Cat-Irreg phantom, acquired with and without a bow-tie fil- ter. The impact of lag correction on image quality including uniformity, skin line, CT number accuracy, low contrast detectability, and MTF are described in the following. Figure 3͑a͒ shows a transaxial CBCT image of the CatIrreg phantom ͑uniform water-equivalent portion͒ acquired with a bow-tie filter before lag correction. The effect of lag correction is illustrated in Figs. 3͑b͒-3͑f͒ , showing a marked improvement after lag correction to CBCT as quantified in the subtraction images of Figs. 3͑g͒-3͑j͒ . The image in Fig.  3͑a͒ ͓and its profile in Fig. 4͑a͔͒ shows significant reduction in CT number near the skin-line region, which reduces further as a function of depth. The corrected CBCT images ͓Figs. 3͑b͒-3͑f͔͒ ͓with profile also in Fig. 4͑a͔͒ demonstrate significant improvement in skin-line reconstruction. This recovery is illustrated more closely in Fig. 4͑b͒ , showing the improved restoration of CT number at the skin line with the increase in the lag correction order. The uniformity metric defined in Eq. ͑5͒ is plotted as a function of lag correction order in Fig. 4͑c͒ , improving by 15% with lag correction order up to 70 frames and then slightly degrading for higher order.
III.C.1. Uniformity and skin line
The nominal CBCT images ͑acquired without a bow-tie filter͒ and lag-corrected images ͑100 frames correction͒ are shown in Figs. 5͑a͒ and 5͑b͒, respectively, with the effects of lag correction shown in the subtraction image of Fig. 5͑c͒ . Profiles through Figs. 5͑a͒ and 5͑b͒ are shown in Fig. 5͑d͒ . The nominal image demonstrates significant reduction in CT number near the skin-line region. The reduction in CT number ͓defined in Eq. ͑6͔͒ as a function of several techniques for two different skin depths is shown in Fig. 6͑a͒ , showing that lag correction to nominal and bow-tie images restored CT number at skin zone. The use of both lag correction and a bow-tie filter gives the most accurate reconstruction. Reduction in CT number for two skin depths ͑5 and 10 mm͒ as a function of lag correction order for the nominal and bowtie cases is shown in Fig. 6͑b͒ . The reduction in CT number is almost zero for 85 frames correction in bow-tie case. For the nominal case, even a lag correction of order 100 frames still exhibited a reduction in CT number of 5.5% at skin zone region. This large reduction in the nominal case is attributed to the high pixel signal ͑near the skin line͒ compared to the case of a bow-tie filter ͑which modulates the signal in the lateral direction͒.
III.C.2. CT number accuracy and linearity
The image in Fig. 7͑b͒ ͑acquired with a bow-tie filter and with a lag correction of order 85 frames͒ shows a visible improvement in all contrast inserts and the skin line compared to the image before correction ͓Fig. 7͑a͔͒. The subtraction image in Fig. 7͑c͒ shows the effect of lag correction near the skin-line and high contrast objects. Lag reduces the comet artifacts around the high contrast inserts, but the streaking artifacts due to scatter ͑and possibly beam hardening͒ are unaffected by the lag correction. The image in Fig.  7͑b͒ exhibits an increase in noise attributed to subtraction of previous projections. Figure 7͑d͒ shows the comparison of CT number before and after lag correction, showing an improvement in CT number accuracy after lag correction. The CT number accuracy is illustrated more closely in Fig. 7͑e͒ . The measurements performed with the bow-tie filter showed greater linearity and accuracy in CT number than the nominal case. A detailed comparison of the CT number accuracy and linearity in terms of slope, R 2 values, and intercepts are shown in Table I , showing an improvement in the fit and intercept values after lag correction.
The lag corrected images acquired without a bow-tie filter with lag correction order 70 ͓Fig. 8͑b͔͒, and 100 frames ͓Fig. 8͑c͔͒ demonstrate improved contrast compared to the image before correction ͓Fig. 8͑a͔͒. Again, the CT number accuracy and linearity in terms of slope, R 2 values, and intercepts are compared in Table I . The CT number accuracy for the CT helical and lag-corrected CBCT acquired with bow-tie filter is higher than the nominal lag-corrected CBCT images. Such is attributable to the influence of x-ray scatter in nominal CBCT, which is more severe than in the fan-beam or bow-tie cases and the effects of which ͑e.g., reduced contrast, increased image noise, and reduced CT # accuracy͒ are not reduced by lag correction.
III.C.3. Contrast-to-noise ratio
The measured CNR for the Cat-Irreg phantom ͑LDPE and polystyrene inserts͒ as a function of lag correction order is plotted in Fig. 9͑a͒ . CNR increases as a function of lag correction order for the bow-tie case. The increase is gradual and smooth up to 85 frames corrections and declines at 85-100 frames, which is attributed to the correlated noise. The CNR values for bow-tie filter are higher than without bow-tie filter. The bow-tie filter improves CNR by flattening the fluence profile at the detector that results in a reduction of primary to the periphery of the phantom, which in turn reduces scatter throughout the image. The reduction in scatter throughout the image has greatest advantage in the center of the image where the bow tie has minimally affected the primary fluence. CNR is improved by 15% with the lag correction at the order of 85 frames correction. For nominal case, lagcorrected images, the CNR increases rapidly as function of lag correction order. The improvement in CNR is greater than twofold based on a low-contrast object. Higher order correction ͑beyond 85 frames͒ shows no further improvement in CNR-again due to the increase in correlated noise with the lag correction order.
III.C.4. Spatial resolution and modulation transfer function
The MTF measurements with and without a bow-tie filter are plotted as a function of lag correction order in Fig. 9͑b͒ , demonstrating that lag correction improves the ͑azimuthal͒ MTF. However, MTF for the nominal case is only slightly improved with lag correction order up to 70 frames and then slowly decreases for higher order. One of the main reasons for the small improvement in MTF is that the lag artifact depends on the object position in each projection relative to previous projections ͑i.e., upon the distance from isocenter͒. Since the MTF module in the phantom is less than 5 cm from the center of rotation, the changes in position relative to the previous projections are small. The lag correction is likely to be more effective in improving the MTF associated with regions nearer to the skin line.
III.D. Patient study
Corrected and uncorrected images of a patient undergoing prostate radiation therapy are shown in Figs. 10͑a͒-10͑d͒. CBCT axial central slices of the prostate patients acquired without bow-tie filter: ͑a͒ before correction and ͑b͒ after lag correction of 51 frames. ͑c͒ After lag correction of 70 frames, the prostate is inside the dotted circle. ͑d͒ Lag correction 100 frames. ͑e͒ Profiles through the image before and after lag correction; the profile position is indicated by a red dotted line. CBCT images and its profiles show contrast improvement and signal improvement near skin zone.
Images were acquired without a bow-tie filter and are displayed at the same window and level. The lag-corrected image and its profile illustrate slightly improved prostate contrast as well as restoration of CT number nearer to the skin line. The corrected images with lag correction order 51 ͓Fig. 10͑b͔͒, 70 ͓Fig. 10͑c͔͒ and 100 frames ͓Fig. 10͑d͔͒ demonstrate that the prostate contrast and skin-line reconstruction slightly improves with the lag correction order.
IV. CONCLUSIONS
Image lag was measured from flood-field images ͑RSRF technique͒ using an indirect conversion FPI for CBCT. Image lag was observed to exhibit no dependence on pixel signal ͑% saturation͒ in the range 20%-80% or on photon energy in the range 80-120 kVp. An empirical fit to the measured lag as a function of frame number was performed based on two sets of fitting parameters, which include P 1 and P 2 , one for weakly trapped electrons ͑rapid decay͒ and the other for more strongly trapped electrons and longer-term capacitor and scintillator afterglow ͑slow decay͒. Image lag results in measurable CBCT artifacts. The experimental conditions and the phantom used in these studies were selected specifically to illustrate and accentuate the effects on image quality before and after lag correction, and they do correspond to typical clinical conditions. Lag artifacts were found to be reduced by means of algorithmic correction of the projection images. The correction is most important for high contrast and irregularly shaped objects such as humans. It is found that image lag has a minimal effect on MTF for objects near the axis of rotation. Conversely, lag may have stronger effect on MTF near the periphery of the reconstruction volume due to the greater change in the object position in each projection relative to the previous projections ͑i.e., angular velocity͒. In addition, the lag correction algorithm was shown to improve image quality, including CT number accuracy, uniformity, and CT number restoration near the region of the skin line. The algorithm is based on parameters that are readily measured from flood-field exposures and may be easily implemented for correction of CBCT images captured for purposes of image-guided radiation therapy. a͒ Electronic mail: david.jaffray@rmp.uhn.on.ca 1
